The aim of the study was to compare the characteristics of chinchilla epididymal sperm: fresh, stored at liquid state and cryopreserved. Epididymal spermatozoa obtained from 11 males were assessed for subjective motility, concentration, motility parameters measured by CASA, viability, morphology, membrane integrity, acrosome integrity, mitochondrial potential, lipid peroxidation, chromatin structure, apoptotic changes and capacitation. Then half of the spermatozoa were stored at 5°C for 30 hr,
| INTRODUC TI ON
Despite growing popularity of long-tailed chinchillas (Chinchilla lanigera) as pets, their wild counterparts are critically endangered (Busso, Ponzio, Chiaraviglio, de Cuneo, & Ruiz, 2005) . Implementation of artificial reproductive techniques (ART), such as artificial insemination and preservation of sperm, would significantly improve the exchange of genetic material between breeders and farms, and can be a valuable tool in the protection programs for free-living chinchillas.
Unfortunately, the issues concerning sperm quality and the methods of semen preservation have not been studied thoroughly.
There are several studies examining quality of semen stored in liquid state and cryopreserved (Carrascosa et al., 2001; Niedbała et al., 2015; Ponce et al., 1998) , but detailed sperm characteristics after preservation are still poorly investigated. For instance, there is no information on motion parameters, oxidative stress, capacitation or apoptotic changes neither in fresh sperm cells nor chilled nor frozen-thawed. A comprehensive study of sperm characteristics and the second half was cryopreserved. After storage and thawing the same parameters as in fresh semen were assessed. Fresh semen showed good quality, with low levels of lipid peroxidation, chromatin fragmentation and capacitation. CASA evaluation showed significantly lower values for MOT, PMOT, RAPID, VCL, VAP and VSL after both storage at liquid state and cryopreservation (p < 0.05). Cold storage did not induce membrane and acrosome damage (p > 0.05), conversely to cryopreservation (p < 0.05). After storage, there was a drop in high mitochondrial potential in live cells (p < 0.05) and an increase in the percentage of non-apoptotic, capacitated cells (p < 0.05). These changes were not seen after cryopreservation (p > 0.05). Lipid peroxidation in live cells and chromatin structure remained unchanged both after storage and cryopreservation (p > 0.05). The study showed that examined methods of semen preservation exerted different patterns of changes in spermatozoa and that sperm quality after both of them allowed for further use of preserved spermatozoa in artificial reproductive techniques.
K E Y W O R D S
computer-assisted semen analysis, Chinchilla, cryopreservation, epididymal sperm, flow cytometry, liquid storage after cold storage and freezing will allow to analyze subtle changes occurring during these processes and to assess the suitability of preserved semen for ART.
Most studies about chinchilla semen were conducted on spermatozoa obtained by electroejaculation (Barnabe, Duarte, Barnabe, Visintin, & de Frettas, 1994; Busso et al., 2005; Carrascosa et al., 2001; Niedbała et al., 2015; Ponzio, Busso, de Cuneo, Ruiz, & Ponce, 2008) and only one described spermatozoa collected from epididymis (Ponce et al., 1998) . In chinchillas epididymal sperm can be obtained only after testicle removal (after castration or death), which makes this method useless in the case of active stud males.
However, collection of epididymal spermatozoa post mortem and its subsequent use for cryopreservation, artificial insemination or in vitro fertilization has been described in many species e.g. wild felids (Cocchia et al., 2009) . From this point of view, obtaining sperm from epididymis is a method extremely important in the case of death of a very valuable male -for example an animal in the wild or of rare colour variety.
The aim of this study was to characterize detailed features of sperm cells collected from epididymis and to assess the changes in sperm quality after storage at liquid state at 5°C and after cryopreservation, with a use of CASA and flow cytometry.
| MATERIAL AND ME THODS

| Animals
In the study, spermatozoa were obtained from the epididymes collected from 11 (n = 11) sexually mature Chinchilla lanigera males after gonadectomy. The animals were housed in a farm (Farm Kapala, Odolanów, Poland) in individual standard stainless steel cages (0.4 m wide × 0.5 m long × 0.34 m high), exposed to controlled temperature (18-21°C) and controlled day light (12 hr light/12 hr dark). Pelleted food (20-25 g), hay and water ad libitum were provided. All males had proven fertility and were aged 15 to 36 months. The testes with epididymes were kept at 38°C and transported to the laboratory within 1.5 hr. All procedures were performed with the agreement of the Second Local Ethical Committee in Wroclaw.
| Study design
Fresh samples were evaluated via traditional methods, computerassisted sperm analysis (CASA) and flow cytometry. Then the one half of the remaining spermatozoa was stored at 5°C for 30 hr, and the second half was subjected to a freezing protocol. After storage and thawing the same parameters as in the fresh samples were assessed.
| Semen collection
Epididymal spermatozoa were collected by epididymal slicing (Niżański, Dejneka, Klimowicz, & Dubiel, 2005) . The caudae epididymes were placed in 1 ml of semen extender (Tris Buffer: (3.02%, w⁄v) Tris (Sigma-Aldrich, Poznań, Poland), 1.35% (w⁄v) citric acid (Sigma-Aldrich, Poznań, Poland), 1.25% (w⁄v) fructose (SigmaAldrich, Poznań, Poland), penicillin G (Sigma-Aldrich, Poznań, Poland) 5,000 IU in bidistilled water; pH 6.5; 37°C) in a glass Petri dish and minced using a scalpel blade. After a 10-min incubation, epididymal tissues were removed, and a suspension of spermatozoa was collected into an Eppendorf tube.
| Storage at liquid state
For cold storage, spermatozoa were diluted with cooling extender containing Tris buffer with the addition of egg yolk (20%, v/v) and Equex STM (1%, v/v) (Minitüb GmbH, Tiefenbach, Germany). The final concentration was 150 × 10 6 spermatozoa/ml. The samples were cooled down to 5°C within 60 min and stored at 5°C for 30 hr before assessment.
| Semen cryopreservation and thawing
Sperm cryopreservation was performed according to the protocol used in our laboratory for dogs (Niżański, 2006) . The sperm was diluted drop by drop in room temperature with cooling extender. After dilution, sperm samples were cooled down to 5°C within 60 min, and then the glycerol (Sigma-Aldrich, Poznań, Poland) was added to the final concentration of 6% (v/v). Samples were further equilibrated at 5°C for 1.5 hr, loaded into pre-cooled 0.5 ml straws (50 × 10 6 spermatozoa per straw) and placed 5 cm above liquid nitrogen surface for 10 min. Then, straws were plunged in liquid nitrogen and kept in −196°C until further evaluation. After at least 1 week of storage, two straws of each sample were thawed by immersion in a 37°C water bath for 1 min.
| Semen evaluation
| Sperm motility, viability and morphology
The percentage of motile sperm cells was subjectively estimated under a contrast-phase microscope at a ×200 magnification by two independent researchers, and the mean value was calculated.
Viability was assessed on eosin-nigrosin stained slides under a light microscope at a ×1,000 magnification. On each sample, 200 spermatozoa were assessed. Morphology was assessed after Bydgoska method stain, as previously described (Szostak & Buryś, 2011 ) with minor modifications. The semen smear was fixed for 5 min in a 96%
ethanol solution and rinsed in distilled water. Then the slide was tinted in a 1% water solution of eosin for 3 min. After rinsing in distilled water, the smear was stained for 3 min with gentian pigment (methylene blue 2% w/v, gentian violet 0.75% w/v, glycerol 5% v/v in distilled water, all reagents purchased from Sigma-Aldrich, Poznań, Poland). After staining, the smears were rinsed, dried and then observed under a light microscope at a ×1,000 magnification. Each of 200 spermatozoa was classified as normal or possessing one of the abnormalities listed in Table 1 .
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| Computer-assisted semen analysis (CASA)
Detailed motion characteristics were obtained by a computer- Niżański for dogs (Niżański, 2006 ). An aliquot of 4 μl of specimen was mounted on a pre-warmed Leja4 counting chamber (Leja, NieuwVannep, Netherlands) and placed in the stage warmer set at 39°C.
For each sample, the parameters listed in Table 2 were recorded.
| Flow cytometry assessment
Measurements were carried out on a Guava ® easyCyte 5 flow cytometer (Merck KGaA, Darmstadt, Germany). The fluorescent probes used in the experiment were excited by an Argon ion 488 nm laser. Acquisitions were done using the GuavaSoft 3.1.1 software (Merck KGaA, Darmstadt, Germany). The non-sperm events were gated out based on scatter properties and not analyzed. A total of 10,000 events were analyzed for each sample.
As no protocol for chinchilla semen is available, we followed staining protocols used in our laboratory for other species (Partyka, Rodak, Bajzert, Kochan, & Nizański, 2017) . Before staining samples were diluted with Tris buffer to the concentration of 20 × 10 6 spermatozoa/ml. Directly before flow cytometry assessment each sample was further diluted with a ratio 1:5.
Plasma membrane integrity was assessed using a dual fluorescence staining with SYBR-14 and propidium iodide (PI) (Live/Dead Sperm Viability Kit, Life Technologies Ltd, Carlsbad, California, USA).
An aliquot of 300 μl of diluted sample was pipetted into cytomet- Acrosome damage was assessed using lectin PNA (PNA from
Arachis hypogaea Alexa Fluor ® 488 conjugate, Life Technologies Ltd, Carlsbad, California, USA), and PI. Ten microliters of PNA working solution (1 μg/ml) was added to 500 μl of sperm samples and incubated for 5 min at room temperature in the dark. Following incubation, the supernatant was removed by centrifugation (300 × g for 3 min), and the sperm pellets were re-suspended in 500 μl of Tris buffer. For counterstaining, 3 μl of PI was added to samples before cytometric analysis. Spermatozoa PNA positive were classified as acrosome damaged (Niżański et al., 2012) .
Mitochondrial activity was determined using staining with the JC-1 (Life Technologies, Ltd, Carlsbad, California, USA). Briefly, 0.67 μl of JC-1 stock solution (3 mM JC-1 in DMSO) was added to 500 μl of the sample. The samples were incubated at 37°C in the dark for 20 min, and then 3 μl of PI was added before cytometric assessment. Sperm cells positive for PI were considered dead and gated out from analysis. Sperm cells emitting orange fluorescence were classified as possessing high mitochondrial membrane potential and those emitting green fluorescence as possessing low mitochondrial activity (Niżański et al., 2012) .
Lipid peroxidation was evaluated using a dual staining with fluorescent lipid probe C 11 -BODIPY 581/591 (Life Technologies, Ltd, Carlsbad, California, USA) and PI. To remove egg yolk particles in stored and frozen-thawed semen, which interact with this fluorochrome, the samples were centrifuged at 300 × g for 3 min, and the sperm pellets were re-suspended in 500 μl of Tris buffer.
Samples were incubated with 0.5 μl of C 11 -BODIPY 581/591 (2 mM in ethanol) for 30 min at 37°C in the dark. Samples were then centrifuged at 300 × g for 3 min, and the sperm pellets were resuspended in 500 μl of Tris buffer. To determine viability sperm was loaded with 3 μl PI and incubated further for 5 min at room temperature in the dark before cytometric analysis. Spermatozoa BODIPY positive were regarded as with lipid peroxidation (Niżański et al., 2012) .
Chromatin integrity was assessed by using acridine orange (AO).
The sperm suspension (100 μl) was subjected to brief acid denatur- 
| Data analysis
The results are presented as mean ± SD of measurements. Data dis- 
| RE SULTS
The results of the assessment of subjective motility, viability and morphology are presented in Table 1 . Subjective motility decreased significantly after storage at liquid state and after cryopreservation (p < 0.05), the drop in frozen-thawed samples was significant compared to both fresh and cold-stored samples Motility parameters measured by CASA are presented in Table 2 .
After cold storage and cryopreservation, there was a significant decrease in MOT, PMOT, RAPID, VCL, VAP, VSL and LIN. Values for MOT, PMOT and RAPID were significantly lower after cryopreservation than after storage in liquid state (p < 0.05). An increase in AHL was observed after liquid storage (p < 0.05).
The results of flow cytometry assessment are presented in TA B L E 3 Sperm parameters assessed by flow cytometry for fresh, stored at 5°C and frozen-thawed epididymal spermatozoa collected from chinchillas (Chinchilla lanigera) 
| D ISCUSS I ON
Semen quality and preservation have been poorly studied in chinchillas, with only several reports exploring this subject (Barnabe et al., 1994; Carrascosa et al., 2001; Niedbała et al., 2015; Ponce et al., 1998; Ponzio, Busso, Ruiz, & Fiol de Cuneo, 2007) . By using computerassisted and flow cytometric approach in this study (for the first time for chinchilla epididymal sperm), we have assessed in detail changes in spermatozoa stored at 5°C and cryopreserved. The results revealed that storage in a liquid state and cryopreservation exerted different changes on spermatozoa, indicating that distinct approaches need to be taken for the optimization of these ART in chinchillas.
Loss of motility and viability after preservation was not surprising and was reported for chinchilla semen previously (Carrascosa et al., 2001; Niedbała et al., 2015; Ponce et al., 1998; Ponzio et al., 2007) . CASA evaluation used in this study revealed that additionally to the loss of motility, after preservation spermatozoa slowed down and curved their trajectories, which pattern of changes was observed also in other species (Jayaprakash, Patil, Kumar, Majumdar, & Shivaji, 2001; O'Connell, McClure, & Lewis, 2002) . As the parameters related to velocity (RAPID, VAP, VCL and VSL) showed the best correlation with fertility in humans (Shibahara et al., 2004) and bovines (Sellem et al., 2015) , further studies need to be conducted to evaluate the fertilizing potential of preserved chinchilla spermatozoa.
The advantage of flow cytometry is high sensitivity and the possibility of simultaneous assessment of different sperm features and viability. This allowed for discovery that the acrosome damage after cryopreservation occurred mostly together with membrane damage, suggesting rather a general rupture of the spermatozoon than a specific acrosome damage or acrosome reaction. However, the reverse situation that the cell died after the acrosome reaction cannot be ruled out (Nagy, Jansen, Topper, & Gadella, 2003) .
Flow cytometric approach allowed for identification of different patterns of changes during different methods of semen preservation. Cryopreservation caused mostly loss of membrane and acrosome integrity, which is a common finding in many species (Niżański, Klimowicz, Partyka, Savić, & Dubiel, 2009; Partyka, Nizański, & Łukaszewicz, 2010; Prochowska, Niżański, & Partyka, 2016) and was reported previously for chinchillas as well (Ponce et al., 1998) . This can be explained by the strong damage that occurs during freezing and thawing (Ahmad, Nasrullah, Riaz, Sattar, & Ahmad, 2014; Yoon, Kwon, Rahman, Lee, & Pang, 2015) , but also by the addition of glycerol, which also resulted in membrane and acrosome damages (Yoon et al., 2015) . This was supposed in one study, where a decrease of viable chinchilla spermatozoa with intact acrosomes was observed in semen samples cool-stored for 24 hr at 4°C with glycerol, but not in semen samples preserved with ethylene glycol (Carrascosa et al., 2001) . The beneficial effect of ethylene glycol reported for cold storage was not observed after freezing-thawing (Ponzio et al., 2008) . Further studies are necessary to establish the optimal cryoprotectant and its concentration for cryopreservation of chinchilla semen.
Contrary, chilling allowed for preservation of membrane and acrosome integrity, but not of mitochondrial potential. In other species, a gradual loss of mitochondrial activity was observed during cold storage (De Oliveira, Budik, & Aurich, 2017; . Although a number of reports indicate that sperm mitochondria are sensitive to damage during freezing and thawing Peña, Johannisson, Wallgren, & Rodriguez Martinez, 2003; Prochowska et al., 2016) in this study loss of mitochondrial potential after cryopreservation was small and not significant. This can be explained by the method of assessment, as we measured mitochondrial potential in live cells. During cryopreservation more cells died, but those who survived retained their mitochondria intact. During liquid storage, more cells stayed alive, but velocity decreased, which can be seen as a drop in the mitochondrial potential.
The use of different fluorochromes let us explore negative phenomena-oxidative stress, DNA damage, apoptotic-like changes and capacitation-which were reported in many species and are known to be important factors responsible for sperm damage during preservation (Aitken & Koppers, 2011; Kadirvel et al., 2009; Kim, Yu, & Kim, 2010; Kumaresan et al., 2009; Martin, Sabido, Durand, & Levy, 2004; Mazzilli et al., 1995; Peña et al., 2003) . In this study, most of abovementioned parameters were low in fresh samples and after preservation, and even if a significant increase was noted (e.g. in lipid peroxidation after cryopreservation, capacitation after cold storage), the values remained low. This might indicate that these phenomena do not play an important role in the preservation of chinchilla spermatozoa, similarly to feline sperm (Prochowska et al., 2016) . Only apoptotic changes measured by an increased membrane permeability, with a value around 30% in fresh and chilled semen and around 60% in cryopreserved, seem to be substantial. Further studies on apoptosis (other apoptotic features, longer time of cold storage and post-thawing incubation) need to conducted to define the importance of this process in chinchillas sperm cells.
| CON CLUS ION
The study proved that epididymal sperm collection allows to obtain spermatozoa of good quality, suitable for use in assisted reproductive technics. We examined two methods of semen preservation (chilling and cryopreservation), which showed different patterns of changes in sperm quality. Chilling allowed to preserve high motility, viability and acrosome integrity, but negatively affected mitochondrial potential in living cells. Conversely, cryopreservation exerted mainly a detrimental effect on sperm membrane and acrosome integrity. Although storage at liquid state allows for better survival of spermatozoa, sperm quality after cryopreservation was satisfactory. As semen freezing can be a valuable tool for sperm exchange and gene banking, further studies for the improvement and optimization of this method are suggested. As with both techniques oxidative stress, chromatin damage and capacitation were marginal, future studies should focus on the protection of sperm membranes from cold damage rather than, for example on the addition of antioxidants.
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